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1. Summary

In April 1995, the University of Illinois received a NASA Grant NAG3-1474 entitled
“Electromagnetic Scattering from Realistic Targets” for a one-year period and the grant was
extended for another year with no cost. The co-principal investigators are Professors
Shung-Wu Lee and Jianming Jin, and the NASA technical monitor is Dr. Afroz Zaman.
This project has been completed. Results are reported in the following technical reports:

1. J. M. Jin, J. A. Berrie, R. Kipp, and S. W. Lee, "Calculation of radiation patterns
of microstrip antennas on cylindrical bodies of arbitrary cross section,” May 1996.

2. A. D. Greenwood, S. S. Ni, J. M. Jin, and S. W. Lee, "Hybrid FEM/SBR method
to compute the radiation pattern from a microstrip patch antenna in a complex
geometry,” October 1996.

3. G. Fan and J. M. Jin, "Scattering from a cylindrically conformal slotted-waveguide
array antenna," December 1996.

4. G. Fan and J. M. Jin, "Scattering from a large planar slotted waveguide array
antenna,” August 1997.

5. E. Branch, "A numerical comparison of measured SAR images with XPATCH
computed SAR images," UIUC EM Lab. Scientific Report No. 95-2, September 1995.

6. S. Ni, J. M. Jin, and S. W. Lee, "Hybridization of the finite-element method and the
shooting-and-bouncing-ray method for scattering and radiation from large and complex
targets," UTUC EM Lab. Scientific Report No. 95-3, October 1995.

The first four reports are included here as appendices. The last two reports have been
submitted to NASA before and, hence, are not included here.

The general goal of the project is to develop computational tools for calculating radar
signature of realistic targets. During the period of this grant, we developed a hybrid
technique that combines the shooting-and-bouncing-ray (SBR) method and the finite-
element method (FEM) for the radiation characterization of microstrip patch antennas in a



complex geometry. The technical details are given in Appendices 1 and 2. In addition, we
developed a hybridization procedure to combine the moment method (MoM) solution and
the SBR method to treat the scattering of waveguide slot arrays on an aircraft. The technical
details are described in Appendices 3 and 4.

2. Publications Resulting from This Research
Journal articles (published or accepted):

1. J. M. Jin, J. A. Berrie, R. Kipp, and S. W. Lee, "Calculation of radiation patterns of
microstrip antennas on cylindrical bodies of arbitrary cross section,” IEEE Trans. Antennas
Propagat., vol. AP-45, no. 1, pp. 126-132, Jan. 1997.

2. A. D. Greenwood, S. S. Ni, J. M. Jin, and S. W. Lee, "Hybrid FEM/SBR method to
compute the radiation pattern from a microstrip patch antenna in a complex geometry,"
Microwave Opt. Tech. Lett., vol. 13, no. 2, pp. 84-87, Oct. 1996.

3. G. Fan and J. M. Jin, "Scattering from a cylindrically conformal slotted-waveguide
array antenna," IEEE Trans. Antennas Propagat., vol. AP-45, no. 7, pp. 1150-1159, July
1997.

4. A. D. Greenwood and J. M. Jin, "Hybrid MoM/SBR method to compute scattering
from a slot array in a complex geometry," Applied Computational Electromagnetics Society
Journal, accepted for publication, 1997.

5. G. Fan and J. M. Jin, "Scattering from a large planar slotted waveguide array antenna,"
Electromagnetics, accepted for publication, 1997.

Conference papers:
1. G. Fan and J. M. Jin, "Scattering from a cylindrically conformal slotted-waveguide

array antenna,” The 1996 IEEE Antennas and Propagation Society International
Symposium, Baltimore, MD, 1996, pp. 1394-1397.



2. A. D. Greenwood, S. Ni, and J. M. Jin, "Computation of the radiation pattern of a
microstrip patch antenna in a complex geometry," The 1996 IEEE Antennas and
Propagation Society International Symposium, Baltimore, MD, 1996, pp. 256-259.

3. A. D. Greenwood and J. M. Jin, "Hybrid MoM/SBR method to compute scattering
from a slot array antenna in a complex geometry,” The 13th Annual Review of Progress in
Applied Computational Electromag-netics, Monterey, CA, 1997.



APPENDIX 1

Calculation of Radiation Patterns of Microstrip Antennas on
Cylindrical Bodies of Arbitrary Cross Section

Jian-Ming Jin, Jeffery A. Berrie, Robert Kipp and Shung-Wu Lee

ABSTRACT

A simplified approach based on reciprocity is presented to calculate the radiation patterns of
microstrip patch antennas or arrays on a cylindrical body having an arbitrary cross section.
In this approach, the microstrip patch antennas are characterized using the finite element
method, and their radiation patterns are then calculated using a two-dimensional method of
moments in conjunction with the reciprocity theorem. The validity of the calculation is
demonstrated by comparison with measured data for a microstrip patch antenna on a
circular cylinder attached to a plate. Other numerical examples are also presented to show
the capability of the method, as well as various effects of the host cylinder on radiation

patterns.
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I. Introduction

Microstrip patch antennas [1]-[3] are attractive for aircraft and spacecraft applications
because they are conformal to the surface of the host object. However, their analysis is
often performed by assuming that the antennas are placed on an infinite ground plane with
an infinite dielectric substrate [4]-[6] or on a finite substrate housed in a cavity recessed in
the ground plane [7]. Although such an analysis can be extended to the antennas on a
coated circular cylinder [8]-[10] or in a cavity recessed in a conducting circular cylinder
[11], it cannot be applied to those on a cylinder with an arbitrary cross section because the
Green's function for such a structure is not available. While the shape of a host cylinder
has little effect on the input impedance and current distribution of a microstrip antenna since
the latter is a highly resonant structure, it can alter the radiation patterns substantially. The
objective of this paper is to develop a simple method to calculate the radiation patterns of
microstrip patch antennas on substrates residing in cavities recessed in cylindrical bodies of
arbitrary cross section possibly with dielectric coatings.

In the proposed method, the equivalence principle is first employed to divide the problem
into two equivalent problems. The first problem is to characterize microstrip patch antennas
housed in a cavity whose aperture is closed with a perfect conductor, which is
accomplished using the finite element method [7]. The second problem is to compute the
field radiated by the equivalent magnetic current over the cavity's aperture in the presence
of the host cylinder, and to accomplish this task, an approach based on the reciprocity
theorem is developed in conjunction with a two-dimensional method of moments for
scattering computation. The validity of the proposed method is demonstrated by
comparison with measured data for a microstrip patch antenna on a circular cylinder
attached to a plate and for a waveguide-fed trihedral. Other numerical examples are also
presented to show the capability of the method and the effects of patch rotation, material
coating, and finiteness of a ground plane on the radiation patterns.

II. Formulation

Consider the problem illustrated in Fig. 1 where several microstrip patch antennas are
placed on a conducting cylincer of arbitrary cross section. These microstrip patch antennas
are housed in one or several shallow cavities and the conducting cylinder may be coated

with dielectrics. Since a microstrip patch antenna is a highly resonant structure, its current



distribution and input impedance at resonance are mainly determined by internal structures
such as the shape of the patch, the thickness and dielectric constant of the substrate and
superstrate. Provided that a patch antenna is placed on a locally flat surface or surface with
a small curvature, the shape of the host cylinder (external structure) has little effect on its
current distribution and input impedance, as demonstrated in [11]. Therefore, the patch
antenna can be characterized approximately by assuming that it is placed on an infinitely
large ground plane. Applying the equivalence principle, we can close the aperture of the
cavity housing the patch antennas with a sheet of perfect conductor and introduce a
magnetic current density over the aperture defined as

M=Exh (D)

where n denotes the outward unit vector normal to the aperture. As shown in [7], this
magnetic current can be determined using the finite element method with vector elements by

seeking the stationary point of the functional
F(E)= %j{j[i—(v x E)-(Vx B)— k2e,E- E]dV
; m[ Wz B-Lipe -(VxE)}dV @
v r
—k; [[ M(F) [H G, (F.7")- M(F')dS’]dS
s S

where V denotes the volume of the cavity and S denotes the aperture of the cavity. Also,
éO(F,F’) denotes the free-space dyadic Green's function, and J™ and M™ represent the
internal sources or antenna excitation. The procedure of the finite element solution and
modeling of a current probe and impedance load are described in [7] and [12], and the
modeling of waveguide feeds is described in [13].

Once the equivalent magnetic current M over the aperture of the cavity is calculated, the
radiation patterns can be obtained by computing the field radiated by M in the presence of
the conducting cylinder with the cavity filled with perfect conductor. Since the cross section
of the cylinder is arbitrary and the cylinder may be coated with dielectrics, no pertinent

Green's function can be derived and the radiated field cannot be expressed by an integral



formulation. To alleviate this difficulty, we propose to employ the reciprocity theorem to
calculate the radiated field. According to the reciprocity theorem [14], we have

” E“-i"dV:-ﬂjFI”-M“dV (3)

where E“ is the field produced by M“ and, likewise, H” is the field produced by J°.
Letting M* be the equivalent magnetic current M over the aperture of the cavity and J® be
the electric dipole of moment 1l located at (r,6,¢) and oriented in the &-direction, the
radiated field is then given by

- . 1 ¢t =, =
E(r,e,¢)-u=_ﬁjst"-Mds 4)

Often, the radiation patterns in the plane perpendicular to the cylinder (that is, the plane of
6 = m/2) are of particular interest. In this case, we obtain

; - ihar
E,(r,¢) = 2o~ [[HtM, ds (5)
nr 3
_ J.koe_j&‘r b
E¢(r,¢)-——4—m—-—J‘sJHZMZ ds (6)

where H’ (or Hz" ) is the magnetic field induced on the surface of the cylinder (again, with

the cavity filled with a perfect conductor) by an incident plane wave whose electric (or
magnetic) field is in the Z-direction and has a unit amplitude, and M, (or M,) is the

component of M in the direction perpendicular (or parallel) to the cylinder.

It is then clear that to calculate the radiated field, we have to find H? and/or H! first. This
can be accomplished simply by solving the problem of plane wave scattering by the
cylinder using the method of moments. There are several different formulations available
for this problem. The most efficient one is to employ the volume-surface integral equation
[15] given by
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for H, -polarization, where € denotes the cross section of the dielectric coating, I',
denotes the interface between two different dielectric materials, and T, denotes the
conducting surface. Also, 7, denotes the unit vector normal to ', and pointing from the

~" side to the "+" side, and G, represents the well-known two-dimensional free-space
Green's function. For cylinders without coatings, (7) and (8) reduce to the well-known
equations

E““( Y= jk.Z J'G . FOH! (F)dl 0 for 7 in conductor )
r =
g 0 E,(F) for 7 everywhere else

for E,-polarization, and

) FF 0 for ¥ in conductor
H™(7)+ | Hf(?')—-aag’;’ Lar ={ (10)
n
T, c

H (r) forr everywhere else



for H,-polarization. The detailed procedure to solve (7) and (8) using the method of

moments is described in [16].

To summarize the proposed method, we first compute the equivalent magnetic current over
the cavity's aperture by applying the finite element method to (2). Then, we compute the
surface magnetic field induced on the region of the cavity's aperture by applying the
method of moments to (7) and (8), or (9) and (10) when there is no coating. Finally, we
calculate the radiated field using (5) and (6).

III. Numerical Results

In this section we present some numerical results to demonstrate the validity and capability
of the formulation described above. Without loss of generality, the same microstrip patch
antenna, depicted in Fig. 2, is used in all examples to follow. This antenna consists of a
rectangular conducting patch fed with a probe and housed in a larger dielectric filled
rectangular cavity. The first resonance mode at f = 3.3 GHz radiates a field whose E-plane
is perpendicular to the shorter side of the patch and whose H-plane is perpendicular to the
longer side of the patch.

The first set of results is computed for the microstrip patch antenna on a finite circular
cylinder sitting on a conducting plate, illustrated in Fig. 3. The radiation patterns are
calculated for two different positions of the antenna whose longer side is parallel to the axis
of the cylinder. These patterns are shown in Fig. 4 and compared with measured data
provided by Mission Research Corporation, Dayton, OH. As can be seen, the agreement is
surprisingly good within the first 30-dB range, demonstrating the validity of the method.
The disagreement in the deep shadow region is due to the field diffracted by the sides of the
plate perpendicular to the cylinder and also by the ends of the cylinder, which are ignored
in our simplified approximate calculation. The corresponding results when the antenna is
rotated 90 degrees are shown in Fig. 5. Note that in this case, the predicted sidelobes are
significantly higher that those in Fig. 4 because of stronger surface waves propagating
around the cylinder.

The proposed method can, of course, handle multiple patch antennas or arrays, such as the

one sketched in Fig. 6. The patches and dielectric substrate have the same parameters as the
one in Fig. 2. The edge-to-edge distance between two adjacent patches is 1.5 cm and the
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array is centered at ¢ =225°. Figure 7 shows its radiation patterns with and without the
plate. The cavity size for the case of Fig. 7(a) is 12 cm in the ¢-direction and 6 cm in the
z-direction, and for the case of Fig. 7(b) is 15 cm in the ¢-direction and 5 cm in the z-
direction. The asymmetric pattern in Fig. 7(b) for the case without the plate is due to the
asymmetric placement of the feed.

To demonstrate the capability of the method as well as to show the effect of dielectric
coating, we consider a single patch antenna on a circular cylinder having a diameter of
30.48 cm. The antenna is the same as depicted in Fig. 2 and the cylinder is coated with a
layer of material having a thickness of 0.546 cm, relative permittivity £, = 2.2 and relative
permeability g, = 1.2 for the lossless case, and €, =2.2~ j1.0 and g, =1.2— j0.5 for the
lossy case. The results are presented in Fig. 8 for the cylinder without coating, with a
lossless coating, and with a lossy coating. As can be seen, when the longer side of the
patch is parallel to the axis of the cylinder, it does not excite a surface wave propagating
around the cylinder. Therefore, the coating does not have a significant effect on the
radiation pattern because it is not thick enough to support a surface wave. However, when
the shorter side of the patch is parallel to the axis of the cylinder, it excites a surface wave
around the cylinder, which is further enhanced by the presence of a lossless coating,
raising the level of radiation in the shadow region. When the coating is lossy, the surface

wave is attenuated, resulting in a lower level of radiation in the shadow region.

To show the effect of a finite ground plane, we consider the microstrip patch antenna of
Fig. 2 placed at the center of a flat conducting plate whose width is w and thickness is 0.5
cm. The radiation pattern in the plane perpendicular to the plate is shown in Fig. 9(a) when
the longer side of the patch is parallel to the axis of the plate and in Fig. 9(b) when the
shorter side of the patch is parallel to the axis of the plate. The proposed technique provides
a simple way to study the finite ground plane effect on microstrip antenna radiation patterns
[17].

Finally, we consider a waveguide-fed trihedral, depicted in Fig. 10, to show the
applicability of the proposed method to any cavity-backed conformal antennas. The
waveguide is 0.9 inch wide and 0.4 inch thick and is at the center of one of the planes. The
radiation patterns at f = 9.0 GHz in both the E- and H-planes are given in Fig. 11 along
with the measured data. Good agreement is observed over a wide range of angles. The
disagreement in the shadow region and in the region close to 90° in Fig. 11(a) is mainly

due to the third plane, which is ignored in our simplified approximate calculation. Since the
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waveguide radiator is not a highly resonant structure, we note that the external structures
close to the waveguide can have nonnegligible effect on the field distribution at the
waveguide opening. As a result, the proposed method can be less accurate than in the case
of highly resonant microstrip patch antennas.

IV. Conclusion

In this paper, we described a method to calculate the radiation patterns of cavity-backed
microstrip patch antennas on a cylindrical body of arbitrary cross section that may be coated
with dielectrics. In this method, we first employed the finite element method to characterize
the microstrip patch antennas and then applied the reciprocity theorem, in conjunction with
a two-dimensional method of moments, to calculate the radiated fields. Several numerical
examples were presented and compared with measured data to demonstrate the validity of
the method. Numerical results were also given to show the effects of patch orientation,
dielectric coating, and finiteness of a ground plane on the radiation patterns. The presented
method can be used to investigate the effects of external structures (such as the shape and
coating) on the radiation patterns of microstrip antennas and to provide reference data for
validating more general methods for calculating the radiation patterns of microstrip antennas
on general three-dimensional bodies.
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Figure 1. Cavity-backed microstrip patch antennas on the surface of a cylindrical
body with an arbitrary cross section.
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Figure 3. A microstrip patch antenna on a circular cylinder attached to a plate. (a)
Three-dimensional view. (b) Cross-sectional view.
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Figure 4. Radiation patterns of a microstrip patch antenna on a circular cylinder
attached to a plate, with the longer side of the patch parallel to the axis of the
cylinder. (a) For antenna 1. (b) For antenna 2.
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APPENDIX 2

Hybrid FEM/SBR Method to Compute the Radiation Pattern from a

Microstrip Patch Antenna in a Complex Geometry

A. D. Greenwood, S. S. Ni, J. M. Jin, and S. W. Lee
Center for Computational Electromagnetics
Department of Electrical and Computer Engineering
University of Illinois at Urbana-Champaign
Urbana, Illinois 61801-2991
Key terms: Finite element method, shooting and bouncing ray method,

microstrip patch antenna, radiation.

Abstract

A previously introduced technique to compute the radiation of a microstrip patch
antenna on a cylindrical body of arbitrary cross-section is extended to include patch
antennas mounted on complex, three-dimensional bodies. The technique involves using
the finite element method (FEM) to characterize the patch antenna, and then comput-
ing the radiation pattern using the reciprocity theorem and the shooting and bouncing
ray (SBR) method with edge diffraction. The validity of the calculation and the need
for an extension to three dimensions is shown by comparison with measured data for a
waveguide-fed trihedral. Other calculations show the effects of the external geometry

on the radiation pattern of a microstrip patch antenna.

1 Introduction

Recently, a technique for calculating the radiation pattern of a microstrip patch antenna
on a cylindrical body was developed [1]. The technique is a hybrid method using
the finite element method (FEM) and the two-dimensional (2-D) method of moments
(MoM). The FEM is used to analyze the patch antenna with its aperture closed by a

perfect conductor, resulting in an equivalent magnetic current density, M. The 2-D
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MoM is then used to find the radiation due to M in the presence of the cylindrical
body. While this technique is simple and works well, its application is limited to patch
antennas on 2-D bodies such as cylinders. Although the technique can be extended to
3-D bodies by employing a 3-D MoM, the computational cost is prohibitive. Thus, an
alternate method of extension is needed.

In this paper, a technique is presented which replaces the 2-D MoM with the high
frequency shooting and bouncing ray (SBR) method combined with edge diffraction.
A microstrip patch antenna is now considered on a 3-D complex body. As in the
original technique, the FEM is first used to analyze the antenna with its aperture
closed by perfect conductor, yielding an equivalent magnetic current density, M, over
the aperture. The SBR method combined with edge diffraction is then used to find the
radiation due to M in the presence of the 3-D complex body. The proposed method
can also be regarded as the extension of the hybrid FEM/SBR scattering method [2]
to radiation problems.

This paper first discusses the theoretical development of the method. It then
presents some numerical results, showing the utility of the method. Finally, it compares
results generated by the extended technique to measured results for a waveguide-fed

trihedral, showing the validity of the method and the need for a 3-D extension.

2 Theoretical Development

Consider a microstrip patch antenna mounted on a 3-D complex structure. Since a
microstrip patch antenna is a highly resonant structure, its current distribution and
input impedance at resonance are determined mainly by its internal structures such
as the shape of the patch and the thicknesses and the dielectric constants of the sub-
strate and the superstrate. Provided that the patch antenna is placed on a locally flat
surface, the shape of the host 3-D body has little effect on its current distribution and
input impedance. Therefore, the patch antenna can be characterized approximately by

assuming that it is placed on an infinitely large ground plane and using the FEM as
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described in [3]. The FEM analysis provides the solution to the equivalent magnetic
current density, M, over the aperture of the patch antenna.

Once the equivalent magnetic current density has been calculated, the radiation
pattern is obtained by computing the field radiated by M in the presence of the host
3-D body. An accurate method to compute the radiated field is to use the 3-D MoM.
However, the computational cost is prohibitive, especially for a large 3-D body. A more
efficient approach is to use a high-frequency approximation such as the SBR method
[4, 5]

There are two approaches to using the SBR method to compute the radiated field.
One approach is to first compute the radiated field over a small hemisphere covering
the patch antenna. This field is then converted into many rays, which shoot along
the radial directions. Each ray is traced as it bounces around the 3-D body, and and
the bounces are governed by geometrical optics (GO). At the last hit point, or at
each and every hit point, a physical optics type integration is performed to determine
the ray contribution to the radiated field. The final result is the summation of the
contributions from all the rays. This approach, called the forward calculation, has the
advantage of simultaneously computing the radiated field in all directions. However,
to obtain accurate results, the field on the hemisphere surrounding the patch antenna
must be divided into many rays, and in tracing each ray, its divergence factor must be
calculated and tracked.

The second approach is to employ the reciprocity theorem. In this approach, called
the backward calculation, an infinitesimal dipole is placed at the observation point,
and the SBR method is applied to the dipole radiation. Because the dipole is located
far from the structure containing the patch antenna, it produces a plane wave incident
upon that structure. The SBR method computes the fields radiated by the dipole using
GO and accounting for the phase shifts and the polarization properties of the fields.
Because the incident field is due to a plane wave, the ray divergence factor is set to
unity. Denoting the field radiated by the patch antenna as Epmgspa, the field radiated

by the dipole as Hp, and the current density on the dipole as J, the fields Epmspa and
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Hp are then related by the reciprocity theorem,

// Eyspa - JdV = -// Hp - MdS
\% S

where V denotes the volume of the dipole and S denotes the aperture of the patch
antenna. The integral on the left hand side of the equation evaluates to the component
of Emspa in the direction of J times the strength of the dipole, Il. The quantity
Hp on the right hand side of the equation is also proportional to I, which is then
canceled from the expression. Two orthogonal components of Emspa are found by
considering both horizontal and vertical polarizations for the incident plane wave in
the SBR calculations, corresponding to different physical orientations of the dipole
antenna.

When using the SBR method to find Hp on the surface of the patch antenna, there
may be some directions for which the incident wave is blocked. The SBR calculation
will then give Hp=0, an erroneous result. To find an accurate value for Hp, edge
diffraction must be included with the SBR calculation.

The geometry for the diffraction computation is shown in Figure 1. An arbitrary
edge is subdivided into short segments, and the diffracted electric field from a short edge
segment is computed using the “incremental length diffraction coefficients” (ILDC)
introduced by Mitzner [6, 7]. The diffracted field from the entire edge is then computed
from the sum of the contributions of the segments, and the diffracted magnetic field
is found from the electric field using Maxwell’s equations. Given a short edge segment
of length ¢, the diffracted field at a distance s from the segment is given in terms of
ILDC by [6, 7]

Ed(P) % ldes doo| |ELQ)

28



in which d,, is given by
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where sinc(z) = sinz/z, and D, and D}, are diffraction coefficients. The coefficients

D, and D), are defined in terms of the Keller-Ufimtsev diffraction coefficients as
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Denoting the interior wedge angle as o = (2 — n)x, D3 and D$if are given by [8, 9]

pdit e "t (Dy - Dy) (42)
s = = 1= 2
Qn\/27rk: sin 3 sin fo
. —in/4
pdif — _ < (D1 + D) (4b)

271\/27#: sin 3 sin Gg

where

D, = cot [ZL;;_K)] FlkLg* (¥ — ¢")] + cot ["—_(gn_—w] FlkLg~ (v - ¢')] (5a)

D, = cot [mg;f—‘”] FlkLg* (¢ + ¢')] + cot [”—‘-—(—;";—’“] FlkLg~ (¥ + v')]. (5b)

In the above, the function F[] involves a Fresnel integral and is defined by

Flz] = 2j/ze’ /w =it dt, 6)
[«] ’

and the other parameters are given by

L = ssinfBysin g and g*(X) =1+ cos (X — 2n7N¥) (7)
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where N* are the integers which most closely satisfy

2naiNt — X =47 and 2n7N~ = X = —m. (8)

It should be noted that the expressions above compute only the first order edge
diffracted field. Thus, the incident field used in the calculations is that resulting from
direct illumination of the edge. Multiply bounced rays are not included in the edge
diffraction computation, nor are fields diffracted by one edge and then subsequently
diffracted by a second edge. In most cases, a first order edge diffraction computation is
adequate for determining the dominant effects on the radiation pattern of a microstrip

patch antenna.

3 Numerical Results

To illustrate the usefulness of the proposed method, numerical results are generated for
a patch antenna in two different geometries. The patch antenna under consideration
for these tests is shown in Figure 2. The antenna resonates at 3.3 GHz, and, according
to the proposed method, it is characterized by an equivalent magnetic current density
found using the FEM.

The first example involves placing the patch antenna on a finite, circular ground
plane. In Figure 3, the resulting computations of the H-plane and E-plane radiation
patterns are compared to the patterns generated by the same antenna on an infinite
ground plane. As can be seen, significant features of the antenna pattern are missed by
assuming an infinite ground plane to make calculations. Edge diffraction is primarily
responsible for the dif<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>